As wireless LAN systems become more widespread, the number of access points (APs) is increasing. A large number of APs cause overlapping cells where nearby cells utilize the same frequency channel. In the overlapping cells, inter-cell interference (ICI) degrades the throughput. This paper proposes an interference-aware multi-cell beamforming (IMB) technique to reduce the throughput degradation in the overlapping cells. The IMB technique improves transmission performance better than conventional multi-cell beamforming based on a decentralized control scheme. The conventional technique mitigates ICI by nullifying all the interference signal space (ISS) by beamforming, but the signal spaces to the user terminal (UT) is also limited because the degree of freedom (DoF) at the AP is limited. On the other hand, the IMB technique increases the signal space to the UT because the DoF at the AP is increased by selecting the ISS by allowing a small amount of ICI. In addition, we introduce a method of selecting the ISS in a decentralized control scheme. In our work, we analyze the interference channel state information (CSI) and evaluate the transmission performance of the IMB technique by using a measured CSI in an actual indoor environment. As a result, we find that the IMB technique becomes more effective as the number of UT antennas in nearby cells increases.
Introduction
Due to rising demand for wireless communication such as that over wireless LAN (WLAN) systems, the number of wireless devices is greatly increasing. The widespread use of WLAN systems results in many closely located access points (APs) and consequently the number of overlapping cells is increasing. Throughput in overlapping cells degrades by inter-cell interference (ICI) because the transmissions must be separated in time domain by carrier sense multiple access/collision avoidance (CSMA/CA). Furthermore, the number of available channels is decreasing because of the increased bandwidth of each channel. In the IEEE802.11n standard, the bandwidth is extended from 20 to 40 MHz and it has been virtually agreed that the IEEE802.11ac standard will extend the maximum bandwidth from 40 to 80 or 160 MHz [1] . The large number of wireless devices and the increased bandwidth accelerates the shortage of frequency channels and increases ICI. These problems are especially severe in closely spaced residences like apartments in Japan [2] .
To improve the system throughput in overlapping cells, references [3] - [9] focused on multi-cell beamforming techniques. These techniques can be divided into two control schemes: centralized [3] - [5] and decentralized [6] - [9] . Although a centralized control scheme can achieve high throughput, all the APs must be synchronized and share all of the transmit data and channel state information (CSI). On the other hand, a decentralized control scheme can also improve the throughput by using the CSI between the AP and user terminal (UT) of its own cell and between the AP and UT of a nearby cell, so the CSI and the transmit data are not shared. Although a decentralized control scheme offers less throughput improvement than a centralized control scheme, it significantly lightens the requirements on the APs. Since the owners of the APs in WLAN systems are generally different, the decentralized control scheme is more suitable for WLAN systems.
Therefore, we consider a multi-cell beamforming technique based on a decentralized control scheme for MIMO-OFDM downlink transmission. Some papers have investigated this type of multi-cell beamforming technique from a theoretical viewpoint [6] , [7] . Reference [6] considered multi-cell beamforming based on zero forcing (ZF) under limited backhaul information exchange in cellular systems. Reference [7] considered joint beamforming to mitigate ICI of a primary user in cognitive radio networks. Reference [8] proposed cooperative transmission on the basis of a decentralized control scheme and this scheme attains a high achievable bit rate in an overlapping cell environment through the assumption of a virtual wall. Although the above conventional method improves the system throughput, the signal power is degraded because the degree of freedom (DoF) at the transmitter decreases by nullifying all the antennas at the receiver of the neighboring cell. In addition, [9] investigated the precoding design of interference alignment (IA) which achieves the sum capacity as C(SNR) = K/2 log(SNR) + o(log(SNR)) where SNR is the signal to noise ratio between transmitter and receiver, K is the number of user. Each transmitter using IA transmits data by using transmitter weight based on CSI of all links, thus the amount of CSI is larger than that of [6] - [8] which use part of CSI. Also this precoding design requires phase synchronization among multiple APs, which is not practical for different owner's APs.
In this paper, we propose an interference-aware multi- [10] has proposed the generalized approach to the block diagonalization (GBD) based on a concept of projecting the inter-user interference to a limited vector space. This paper focuses on multi-cell environment. The proposed technique selects the ISS to prevent the ICI from becoming more than the allowable interference to noise power ratio P. To evaluate the transmission performance of the proposed technique we measured a CSI in an actual apartment environment. We used the measured CSI in closely spaced residences to analyze the ICI conditions in the apartment and clarify the effectiveness of the proposed technique. This paper is organized as follows. Section 2 introduces the system model. Section 3 describes multi-cell beamforming including the conventional and proposed techniques. Section 4 details our measurement experiment and interference CSI analysis. Section 5 clarifies the effectiveness of the IMB. We conclude with a summary of key points in Sect. 6 . This paper will use the following mathematical notations: [·] H for Hermitian transposition, det(A) for the determinant of A, ||A|| F for the Frobenius norm of A, and ε{A} for expectation of A.
System Model
We assume MIMO-OFDM downlink transmission in an overlapping cell environment where two APs utilize the same frequency channel (Fig. 1 ). This system model indicates one specific subcarrier in all the subcarrier. It is assumed that both APs are equipped with N transmit antennas for communication with their own UTs equipped with M receive antennas (N ≥ M). H 11(k) and H 22(k) ∈ C M×N denote the CSI of kth (k = 1, . . . , K) subcarrier of a desired signal between AP 1 and UT 1 and between AP 2 and UT 2, respectively. H 12(k) and H 21(k) ∈ C M×N denote the interference CSI of kth subcarrier of an interference signal between AP 1 and UT 2 and between AP 2 and UT 1, respectively. In this paper, we assume that each AP estimates downlink CSI using received signals in uplink transmission by the channel reciprocity in time division duplex (TDD) systems. Thus, each AP obtains CSI corresponding to all UTs which in- cludes the other cell's UTs. In this system model, the received signal vectors of kth subcarrier, y 1(k) ∈ C M×1 at UT 1 and y 2(k) ∈ C M×1 at UT 2, are expressed by the transmit signal vector of kth subcarriers x 1(k) ∈ C N stm1(k) ×1 of AP 1 and
where N stm1 (k) and N stm2(k) are the number of streams at the AP 1 and AP 2, and W 1(k) and W 2(k) are the transmission weights of kth subcarrier of AP 1 and AP 2 in calculating CSI including estimation error, respectively. n 1(k) and n 2(k) are additive white Gaussian noise vectors, respectively, with
I is the identity matrix.
for the AP 1 and AP 2, respectively. p (k) is transmit power of kth subcarrier. In this paper, since the measurement environment of this paper is high SNR environment, we assumed equal power is allocated to each data stream. This is because the gain of power allocation technique such as water-filling is less at high SNR environment [11] .
We assume that CSI at the transmitter includes estimation error due to estimation noise such as thermal noise, quantization error, a reduced amount of feedback information, and time variation of the channel [12] - [14] . The imperfect CSI including the estimation error H i j(k) is defined as
where Δ i j(k) is assumed to be as all i.i.d. zero-mean complex Gaussian values with the variance of σ 2 E .
Multi-Cell Beamforming Techniques

Conventional Technique
In the conventional technique [8] , both APs communicate with their own destination UT and mitigate ICI to the other cell's UT by ZF transmission [15] , [16] . The desired signals are transmitted by using eigenvector transmission [17] . Next we explain the transmission weight of each AP and the achievable rate of the conventional technique. By using singular value decomposition (SVD), the estimated CSI including estimation error as CSI at the transmitter, H 12(k) and H 21(k) 
where U 12(k) and U 21(k) ∈ C M×M are the left singular vectors and (V (s)
correspond to signal and null space, respectively. Σ 12(k) and Σ 21(k) ∈ C M×M are diagonal matrices and the diagonal elements of Σ 12(k) and Σ 21(k) represent the square roots of the eigenvalues, λ 12(k),1 , . . . , λ 12(k),M and λ 21(k),1 , . . . , λ 21(k),M , respectively, where
To calculate the transmission weight, the SVD is performed for the null space CSI,
where
correspond to signal and null spaces, respectively. Hereafter, the number of data streams, N stm(k) is defined as min(M, N − M). Thus, conventional multi-cell beamforming cannot be used when the receive antenna number is equal to the transmit antenna number, N = M.Σ 11(k) andΣ 22(k) are diagonal matrices and the diagonal elements ofΣ 11(k) andΣ 22(k) represent the square roots of the eigenvalues, λ 11(k),1 , . . . , λ 11(k),N stm(k) and λ 22(k),1 , . . . , λ 22(k),N stm(k) , respectively, where N stm(k) . Thus, the transmission weights of AP 1 and AP 2, W a,1(k), and W a, 2(k) , are expressed as
We next explain the achievable rate of the conventional technique using the transmission weights of AP 1 and AP 2 as expressed in (5) . The achievable rates of each cell, C a, 1(k) and C a, 2(k) , are expressed by
Moreover, the total achievable rate C a(k) is taken to be the summation of C a, 1(k) and C a, 2(k) . In the conventional technique, ICI is mitigated by nullifying all the ISS by beamforming, but the signal space to the UT is also limited because the DoF at the AP is limited.
Interference-Aware Multi-Cell Beamforming (IMB)
In this subsection, we introduce an interference-aware multi-cell beamforming (IMB) technique including a method of selecting the ISS. The IMB technique is able to increase the signal space by increasing the number of column vectors of V
12(k) and V (n) 21(k) , respectively. To increase the signal space, both APs set a common allowable interference to noise power ratio P in all of the subcarriers and add S 1(k) column vectors of V 21(k) in each subcarrier, respectively. Here, P is determined by Scheme I in last of this section. Provided that it is necessary that the initial value of P is set as low value in order to maximize the total achievable rate. The added S 1(k) and S 2(k) are selected to ensure that the corresponding eigenvalues are less than P. This is expressed as
where λ 12(k),i and λ 21(k),i are the eigenvalues of H 
where Ū (s)
are the left singular vectors and V (s) N stm2(k) ) correspond to signal and null space, respectively. The numbers of data streams for UT 1 and UT 2, N stm1 (k) and N stm2(k) , are expressed as min(M, N − M +S 1(k) ) and min(M, N − M +S 2(k) ), respectively. Since the number of each AP's streams in the IMB technique is adaptively determined by P, the number of nullified interference signal spaces (ISS), S 1(k) and S 2(k) are optimized for each subcarrier in OFDM systems. Thus, the transmission weights of AP 1 and AP 2, W b,1 , and W b,2 , are expressed as
Next, we explain the achievable rate of the IMB technique using transmission weights of AP 1 and AP 2 as expressed in (10) . The achievable rates between AP 1 and UT 1 and between AP 2 and UT 2,
Moreover, the total achievable rate of the optimal selection method for the IMB technique, C b(k) , is expressed by the summation of C b,1(k) and C b,2(k) . We next describe the transmission scheme of each AP including the setting method of an allowable interference to noise power ratio P in Scheme I. In this scheme, P 0 [dB] is the initial value of P and is set up a low value such as the noise power. ΔP [dB] is the value for updating of P and is set up several decibels. C m [bit/s/Hz] is the rate-update margin against the rate deviation caused by noise and is set up several bits/s/Hz. 
CSI Measurement Experiment
Experiment Setup
To evaluate the effectiveness of the IMB technique, we measured the CSI for OFDM systems in an actual apartment using a MIMO-OFDM testbed. Figure 2 shows an apartment in Japan. The height, width and depth of the room are 3, 3, and 4.4 m, respectively. We conducted the experiments in rooms 1-5. The configuration of our MIMO-OFDM transceivers [18] is shown in Fig. 3 . Its main parameters per room are given in Table 1 . The MIMO-OFDM transceivers transmit the pilot signal based on short and long preambles of the IEEE802.11n standard. Thus, the CSI for the 52 subcarriers were estimated in 20 MHz bandwidth. Noise power per subcarrier was −113.26 dBm.
In the experiment, we measured 8 × 8 MIMO-OFDM CSI between the AP and UTs in a single room and between different rooms by using our MIMO-OFDM transceivers [18] . In this paper, since we assume that the proposed technique applies to WLAN systems, we use eight transmitter and eight receiver antennas. This is because the maximum antenna number in IEEE802.11ac [2] is eight. Figure 4 indicates the room layout and the locations of the AP and UTs. UTs are set four locations in order to evaluate difference environments such as multipath and fading. The AP and UT antennas had uniform linear array (ULA) with eight element dipole antennas and element spacing of 0.5 wavelengths. Figures 5(a) and 5(b) show the AP and UT antennas we used. Both antennas are 0.9 m high. The total transmission power of each AP is 9 dBm.
Interference CSI Analysis
In this subsection, we analyze the amount of ICI and the eigenvalue distribution of interference CSI, H 12(k) , which correspond to the CSI between the AP in Room 1 and UTs in Room 2, 3, 4, and 5, and H 21(k) , which correspond to the CSI between APs in Room 2/3/4/5 and UTs in Room 1. Figure 6 plots the ratio of the signal power from AP in Room 1 to the interference power from AP in other rooms at UTs in Room1. Plots of the signal to interference ratio (SIR) is calculated by,
where H 21(k,l) is the CSI between AP in other rooms and lth UT in Room 1. The SIRs calculated by (12) are plotted at the distance of each AP position and the center of Room 1. This figure also shows the theoretical line according to the indoor propagation model described in IEEE802.11n [19] .
In this theoretical line, we assumed that wall loss value is 0 dB and signal power is received power when distance AP and UT is 1 m. In this apartment, the walls were made of plaster board that had low propagation loss because of low permittivity [20] . We found that SIR is about −30 dB when the AP and UT are set in Rooms 1 and 5. Therefore, we can see that the AP incurs severe ICI in this environment. Figure 7 (a) shows the cumulative distribution functions (CDFs) of eigenvalues for i.i.d. channel matrices when the total power is 0 dBm. It was found that the ratio of the highest eigenvalue, λ 1 , to the lowest eigenvalue, λ 8 , on median value is 25 dB. Figures 7(b)-(e) show the CDFs of eigenvalues for the measured interference CSI, H 12(k,l) and H 21(k,l) , of the four points of the UT and the 52 subcarriers. To ensure that the fading among subcarriers would not affect the distributions of eigenvalues, the Frobenius norm of the CSI at each subcarrier was normalized to be 0 dB. We found that the ratios between λ 1 and λ 8 medium values were about 38, 25, 26, and 27 dB. The ratio between λ 1 and λ 8 in Room 2 was larger than that of the i.i.d. channel. This is because the effect of the direct path is larger than that of other paths when the distance between the AP and the UT is short.
Performance Evaluation
In this section, we evaluate the effectiveness of the IMB technique using measured CSI. We assumed that AP 1 and AP 2 were located in two different rooms, i.e., Rooms 1 and 2, 1 and 3, 1 and 4, and 1 and 5 (hereafter Rooms 1-2, Rooms 1-3, Rooms 1-4, and Rooms 1-5, respectively). Moreover, we also assume that both of APs transmit data UTs in own room. 
Allowable Interference to Noise Power Ratio P Analysis
In this subsection, we show a study of allowable interference to noise power ratio P when the number of UT antennas M is 2, 4, 6, and 8. Figures 8, 9 , 10, and 11 show the total achievable rate that averages the four points of UT and all subcarriers versus the allowable interference to noise power ratio P when the number of UT antennas M is 2, 4, 6, and 8, respectively. In Fig. 8 (M = 2) , we found that the total achievable rates of all the room combinations degrades when P becomes larger. Since the number of UT antennas is small, the gain obtained by increasing the DoF at the AP using the extended null matrix is negligible. Furthermore, the total achievable rate maximizes when S 1(k) and S 2(k) are set to 0 in almost all subcarriers since the smallest eigenvalue is very large. In Fig. 9 (M = 4) , the results obtained for Rooms 1-2 and 1-3 are similar to those in Fig. 8 . This is also because the gain obtained by increasing the DoF at the AP is less than the loss incurred by increasing the ICI. However, the results obtained for Room 1-4 and 1-5 show local maxima. The local maximum values of P of Rooms 1-4 and 1-5 are 10 and 8 dB, respectively. These local maxima show that the proposed technique increases the total achievable rate by increasing the number of column vectors of V (n) i j(k) . In Fig. 10 (M = 6) , we find that a local maximum exists in all the results. Since the lower eigenvalues decrease due to the increased number of eigenvalues of the interference CSI, the effectiveness of the IMB technique improves. The local maximum value of P is 24 dB for Rooms 1-2, 20 dB for Rooms 1-3, 18 dB for Rooms 1-4, and 16 dB for Rooms 1-5. Moreover, we confirmed that the local maximum peak shifts as the distance between cells becomes longer. This is because the gain obtained using an extended null matrix becomes larger as the distance between cells becomes greater.
In Fig. 11 (M = 8), a local maximum also exists in all cases. The local maximum value of P is 28 dB for Rooms 1-2, 24 dB for Rooms 1-3, 20 dB for Rooms 1-4, and 18 dB for Rooms 1-5. We found that the peak of the results in Fig. 10 and Fig. 11 are different. This means that the peak also changes according to the number of UT antennas a nearby cell uses. Note that none of the total achievable rates have local minimum values. Thus, P can be determined by using the transmission scheme shown in Scheme I since the scheme gradually increases P so as not to decrease the total achievable rate. Table 2 shows the allowable interference to noise power ratio, P [dB], calculated by Scheme I and the maximum value, P max [dB] of P estimated from Fig. 8 ∼ Fig. 11 . P max means the value of P which maximizes total achiev- Fig. 8 ∼ Fig. 11 . able rate. In this result, we assume that P 0 , ΔP 0 , and C m are −20 dB, 2 dB, and 0.5 bit/s/Hz, respectively. From this result of P and P max in Table 2 , we found that P is able to be calculated in the accuracy of less than 2 dB by using Scheme I.
Total Achievable Rate Analysis
In this subsection, to evaluate the transmission scheme in Scheme I, we calculate the total achievable rate of the IMB technique where S 1(k) and S 2(k) are optimized by a greedy algorithm [21] for purposes of comparison. The IMB technique based on the greedy algorithm is expressed as IMB-G. The calculation complexity of IMB-G is extremely large since the achievable rates must be calculated for all combinations of S 1(k) and S 2(k) . Figures 12, 13, 14 , and 15 show the CDFs with the four points of UT and all subcarriers of total achievable rates of the IMB technique, IMB-G, and the conventional technique when the number of UT antennas M is 2, 4, 6, and 8, respectively.
In Fig. 12 , allowable interference to noise ratio P of Room 1-2, Room 1-3, Room 1-4, and Room 1-5 are set 26, 18, 14, and 10 [dB], respectively. The total achievable rates of all the results are the same for all room combinations. This indicates that the IMB technique's effectiveness is negligible when the number of UT antennas is small.
In Fig. 13 , allowable interference to noise ratio P of Room 1-2, Room 1-3, Room 1-4, and Room 1-5 are set 16, 6, 12, and 10 [dB] , respectively. The total achievable rates of all the results are almost the same in Rooms 1-2 and 1-3. However, in Room 1-4 and 1-5, the median total achievable rates of the IMB technique are about 0.6 and 2.3 bit/s/Hz higher than those of the conventional technique, respectively. Moreover, the IMB technique almost matches the performance of IMB-G. The median total achievable rates of the IMB technique in Rooms 1-4 and 1-5 are about 0.7 and 0.5 bit/s/Hz lower than those of IMB-G, respectively.
In Fig. 14 , allowable interference to noise ratio P of Room 1-2, Room 1-3, Room 1-4, and Room 1-5 are set 24, 20, 18, and 16 [dB], respectively. The IMB technique's total achievable rate increases greatly compared with the conventional technique in all the room combinations. In the conventional technique, since a large number of DoFs at the AP is used to nullify the ISS, the total achievable rate is low. The median total achievable rates of the IMB technique in each room combination increases about 23.1, 27.1, 33.6, and 39.8 bit/s/Hz higher than that of the conventional technique, respectively. Moreover, the median total achievable rates of the IMB technique in each room combination is about 2.6, 2.4, 1.7, and 1.3 bit/s/Hz lower than those of IMB-G, respectively.
In Fig. 15 , allowable interference to noise ratio P of Room 1-2, Room 1-3, Room 1-4, and Room 1-5 are set 28, 24, 20, and 18 [dB], respectively. The IMB technique's total achievable rate also increases greatly compared with the conventional technique in all the room combinations. In the conventional technique, the total achievable rate is zero because all the DoFs at the AP are used to nullify the ISS. The IMB technique's median total achievable rate in each room combination increases by about 77.4, 86.0, 94.4, and 102.2 bit/s/Hz, respectively, compared with the conventional technique. Moreover, the IMB technique's median achievable rate in Rooms 1-2, 1-3, 1-4 and 1-5 is about 2.8, 1.9, 2.9 and 2.8 bit/s/Hz lower than those of IMB-G, respectively. Figure 16 shows the median total achievable rate including the four points of UT and all subcarriers in the IMB technique, the IMB-G, the conventional technique, and TDMA versus the number of UT antennas for the cell relation for Rooms 1-5 only. And allowable interference to noise ratio P is 8, 8, 16, and 18, respectively when M is 2, 4, 6, and 8. In TDMA, the transmissions of AP 1 and AP 2 are divided by time slots and each AP uses eigenvector transmission. In the TDMA results, total achievable rate increases as the number of UT antennas increases. The median total achievable rate of the IMB technique is similar to that of the conventional technique when the number of UT antennas is four or less. However, the median total achievable rate of the IMB technique is larger than that of the conventional technique when the number of UT antennas is more than four. This demonstrates that the IMB technique's effectiveness increases when there are a large number of UT antennas.
Conclusion and Future Work
We proposed an interference-aware multi-cell beamforming (IMB) technique on a decentralized control scheme for an overlapping cell environment. Although the conventional technique based on a decentralized control scheme degrades the signal power at the UT by nullifying all the interference signal spaces (ISS), the IMB technique increases the signal power at the UT by selecting the ISS by allowing a small amount of inter-cell interference (ICI). The proposed technique selects the ISS so as to prevent the ICI from becoming higher than the allowable interference to noise power ratio P at each AP. We analyzed the interference CSI conditions and evaluated the transmission performance of the proposed technique by using a measured CSI in an actual indoor environment. The results demonstrated that the IMB technique becomes more effective as the number of UT antennas in nearby cells increases.
Although the IMB technique is proposed for two APs in overlapping cell, it is applicable for more than two APs by selecting a pair of APs. The effectiveness of IMB technique for more than two APs scenario needs to be evaluated in future work. 
